Daily afternoon injections of 25 \ g=m\ g melatonin for 12 weeks had no effect on testicular weights of male rats kept in long photoperiod (14L:10D); similarly, exposure of rats to short photoperiod (2L:22D) had no effect on gonadal weight. However, rats maintained in a long or short photoperiod and implanted every 2 weeks with a 15 mm Silastic pellet containing testosterone showed a significant reduction in testicular weight; this effect was more pronounced in rats exposed to a short photoperiod. Melatonin injections in testosterone-treated rats in a long photoperiod exacerbated the inhibitory effects of testosterone alone. Subcutaneous 2-weekly implants of a beeswax pellet containing 1 mg melatonin reversed the effects of the melatonin injections on relative testicular weights but not those due to short photoperiod exposure.
Introduction
The highly inbred laboratory rat presently available from commercial sources is a non-seasonal breeder whose reproductive life history is no longer inextricably tied to natural photoperiodic cues. Nevertheless, Wallen & Turek (1981) reported that short daylengths (6 h light: 18 h dark; 6L:18D) could induce a substantial reduction in testicular weight if the animals were simultaneously bearing testosterone-filled Silastic capsules. Since the pineal gland is known to mediate many of the effects of photoperiod, their work suggested that adult male inbred rats still had some components of the pineal-neuroendocrine-reproductive axis that were sensitive to changing daylengths.
The indoleamine melatonin is the principal hormone secreted by the pineal and it seems to be responsible for many of the interactions of the gland with the reproductive and thyroid axes . In most seasonal breeders tested to date, melatonin is as effective as short photo¬ period in eliciting reproductive atrophy. In some species, e.g. the Syrian hamster, melatonin can evoke reproductive atrophy when administered as a daily late afternoon injection. This atrophy is preventable by additional use of short photoperiod or melatonin administered as a chronicallyreleasing pellet; this effect with the pellet has been termed the counter-antigonadotrophic effect of melatonin (Reiter et al., 1974 (Reiter et al., , 1975b . However, in non-seasonal breeders like the rat, the bulk of the evidence suggests that melatonin has an inhibitory action on pubertal development but little effect by itself in the adult Lang, 1986) .
Chronic exposure to short photoperiod depresses circulating thyroxine concentrations in hamsters (Mesocricetus auratus) but is ineffective in white-footed mice (Peromyscus leucopus), gerbils (Meriones unguiculatus) or in two strains of mice (Mus musculus, Snell strain and C57BL strain) (Petterborg et al., 1984) and has not been thoroughly evaluated in the rat. As in the reproductive studies mentioned above, melatonin injections late in the light phase are as potent as short photo¬ period in inducing a depression in circulating levels of thyroxine in the hamster . In the experiment reported herein, we tested whether injections ofmelatonin were as effective as short photoperiod in causing hormonal and gonadal weight changes in the testosterone-primed adult male rat; additionally, we evaluated the counter-antigonadotrophic effects of melatonin in rats that were exposed to a short photoperiod and bearing testosterone implants. Finally, we explored the inter¬ action of testosterone, photoperiod and melatonin treatments on the neuroendocrine-thyroid axis.
Materials and Methods

Preparation ofpellets and injections
Melatonin (Sigma Chemical Co., St Louis, MO) was dissolved in absolute alcohol and maintained as a stock solution at -10°C. At the time of injection the stock solution was diluted 1:10 with physiological saline (0-9 g NaCl/1). Between 16:00 and 18:00 h, the animals in long photoperiod (14L:10D) were given daily subcutaneous injections of 25 pg melatonin/0T ml or the diluent solution.
Melatonin pellets were prepared by mixing 1 mg melatonin in 24 mg softened beeswax; blank pellets without melatonin were prepared for the controls. Testosterone pellets were prepared by filling 15 mm of Silastic tubing Dow Corning, Midland, MI) with crystalline testosterone (Lot No. 103F-0623, Sigma Chemical Co.) and sealing the ends with Type A Silastic medical adhesive; blank capsules were prepared for the controls. The testosterone pellets were soaked overnight in saline (0-9 g NaCl/1) before implantation.
Surgery
Animals were given implants of blank, testosterone-filled and/or melatonin-filled pellets once every 2 weeks. The animals were anaesthetized with ether and the pellet was inserted subcutaneously on the back.
Experimental protocol
Young adult male Sprague-Dawley rats (Harlan, Houston, TX; g) were acclimatized to constant con¬ ditions of photoperiod (14L:I0D; lights on 06:00 h) and temperature (20 + 2°C) for 2 weeks. Forty-five animals in a long photoperiod (14L:10D) were separated into 5 groups: (1) diluent only; (2) diluent + testosterone pellet; (3) daily injections of 25 µg melatonin; (4) daily injections of 25 pg melatonin + testosterone pellet; and (5) daily injections of 25 µg melatonin, a testosterone pellet and a melatonin pellet. The remaining 27 animals were moved to a room providing a short photoperiod (2L:22D; lights on 10:00-12:00 h) and divided into 3 treatment groups: (6) controls; (7) testosterone pellet; and (8) testosterone pellet and a melatonin pellet. Rats were killed between 09:00 and 12:00 h at the end of 12 weeks of treatment. The testes, accessory organs, pituitary, and body weights were recorded. Blood was collected in heparinized tubes. Plasma and pituitary samples were stored at -70°C for hormone analysis.
Hormone analyses
Luteinizing hormone (LH) and prolactin were evaluated in plasma and pituitary samples using reference prep¬ aration, standards and hormone for iodination provided by the National Institute of Arthritis, Digestive Diseases and Kidney (NIADDK). Thyrotrophin (TSH) was measured in plasma only. Thyroxine and triiodothyronine were deter¬ mined by RIA using kits from Diagnostic Products (Los Angeles, CA). An inverse index of the fraction of thyroxine or triiodothyronine bound to plasma proteins was ascertained by determining the in-vitro proportional triiodothyronine uptake (Diagnostic Products kit) from plasma onto immobilized antibody. Free thyroxine and triiodothyronine indices were obtained by calculating the product of the respective total thyronine concentration and the triiodothyronine uptake value.
Statistical analysis
Data were analysed using a one-way analysis of variance and a Student-Newman-Keuls test for differences among multiple means.
Results
As shown in Fig. 1 , daily afternoon injections of 25 pg melatonin for 12 weeks had no effect on testicular weight of male rats kept in long photoperiod (Group 3); similarly, exposure of rats to a short photoperiod (Group 6) had no effect on gonadal weight. However, rats maintained in either photoperiod and implanted every 2 weeks with a testosterone pellet (Groups 2 and 7) showed a significant reduction in both absolute and relative testicular weight; this effect was significantly more pronounced in Group 7 (Fig. 1) . The inhibitory effects of testosterone alone on both absolute and relative testicular weights were exacerbated by melatonin injections (Group 4). Subcutaneous 2-weekly implants of a beeswax pellet containing 1 mg melatonin reversed the effects of melatonin injections on relative testicular weights (Group 5) and tended to reverse the effects of short photo¬ period (Group 8) but this was not statistically significant. No significant differences in accessory organ weights were observed. Figure 2 shows that testosterone implants significantly reduced pituitary LH values in Groups 2 and 7. Melatonin injections alone or in combination with melatonin pellets did not further exaggerate Values are means ± s.e.m. In (a), a, < 0-025, b, < 0005, c, < 005 ví Group 1; d, < 0-001 ví Group 6; e or h, < 0001 ví Group 3; f, < 0025 ví Group 6;g,P< 0025 ví Group 3; i, < 001 ví Group 3; k, < 005 ví Group 7; 1, < 0005 ví Group 7; m, < 0001 ví Groups 1 & 3. In (b), a, < 001 ví Group 1; b, < 005 ví Group 6; c, < 005 vs Group 7; d, < 0005 ví Group 8; e, < 0025 vs Group 8. the depression in pituitary LH due to testosterone pellets alone in rats in Groups 4 and 5; similarly, melatonin pellets did not reverse the depression in pituitary LH observed in rats in Group 8. No significant differences in plasma LH values were found (Table 1) .
Pituitary prolactin values (Fig. 2 ) were significantly reduced in rats in Group 3. No significant differences were observed in plasma prolactin concentrations (Table 1) .
Body weights of rats in Group 4 were significantly depressed compared to the weights of animals in Groups 1, 3, 6 and 8 (Table 1) . Absolute pituitary weights of rats in Group 3 were elevated compared to those of Group 7, but when pituitary weight was expressed relative to body weight, these differences disappeared (Table 1) .
Thyroxine concentrations as well as the free thyroxine index were unchanged by any combination of treatments (Table 1) . Rats in Groups 3, 4 and 6 had the highest levels of triiodothyronine and free triiodothyronine index while these values were lowest in Group 8 rats (Table 1) . Injections of melatonin (Group 3) caused a significant rise in plasma concentrations of TSH compared to Groups 2, 5, 6, 7 and 8 ( Table 1 ). The ratio of thyroxine to triiodothyronine indicates that groups exposed to a short photoperiod had a higher ratio of these thyroid hormones compared to groups on long photoperiod (Fig. 3) . 
Discussion
Numerous studies of rats have shown that decreasing photic input in combination with one of several manipulations (underfeeding, anosmia, neonatal androgenization) can sensitize the neuroendocrinereproductive axis to the effects of short photoperiod or melatonin injections (Reiter et al., 1975a ). In the present study, implanted testosterone pellets served to prime the animal so that the inhibitory actions of short photoperiod or melatonin injections on testis weight were unmasked, confirming that testosterone given in adulthood can be added to the growing list of pineal potentiating factors.
Chronic subcutaneous implants of Silastic capsules containing testosterone may suppress or maintain spermatogenesis and testicular weight depending upon the length and/or wall thickness of the capsule implanted Desjardins et al., 1973; Berndtson et al., 1974) . In the present study, we confirmed the observations of Wallen & Turek (1981) and Wallen et al. (1983) that testosterone pellets reduce gonadal weight and that the suppression is more prominent in rats kept in a short photoperiod. The mechanism involved may be similar to that in the hamster in which there is increased sensitivity of the neuroendocrine axis to testosterone feedback in animals maintained in short days; this phenomenon is known to be in part mediated by the pineal gland (Turek, 1979) .
Melatonin injections into adult testosterone-treated rats in a long photoperiod exacerbated the inhibitory effect of testosterone alone on testicular weight. This observation suggests that melatonin is as effective as short photoperiod on the neuroendocrine-reproductive axis and may be the active agent in mediating the effects of short photoperiod. Similar results have been shown in immature rats in which daily afternoon injections of melatonin are known to evoke the same response as short photoperiod when coupled with these sensitizing factors in immature animals (Blask & Nodelman, 1979 . In terms of inhibiting the peripheral effects of testosterone, melatonin injections prevented the pinealectomy-induced enhanced growth response of the seminal vesicles to 10 days of androgen injection in immature castrated rats (Alonso et al., 1978) ; however, this inhibi¬ tory effect of melatonin was not observed in the present study in which exogenous androgen was administered to adult rats. We can therefore conclude that melatonin injections inhibit the weights of the reproductive organs in the immature (Lang, 1986) and adult rat if the animals are properly primed by certain predisposing environmental conditions or agents.
Male rats treated with androgen pellets which suppress testicular weight typically demonstrate histological and endocrinological characteristics reminiscent of those observed after hypophysectomy in rodents (Berndtson et al., 1974; Ewing et al., 1973) . Neither pituitary weight nor plasma LH was suppressed by the dose of testosterone used in the long photoperiod-exposed rats in the present study although pituitary LH was significantly depressed. However, when short photoperiod was added to testosterone treatment, rats exhibited a marked depression in pituitary weight and pituitary LH concentration, indicating that the neuroendocrine axis was made more sensitive to the negative feedback effects of testosterone by short photoperiod.
Previous studies of rats with pineal-mediated gonadal regression demonstrate that subcutaneous deposits of melatonin reversed the antigonadotrophic effects induced by the combination of blinding with anosmia (Chen & Reiter, 1980) or neonatal androgenization (Banks & Reiter, 1975) . Melatonin pellets did reverse the effects of melatonin injections on relative testicular weight, supporting the hypothesis generated from data from rats and hamster that melatonin available as a pellet is counterantigonadotrophic. However, when administered to rats kept in a short photoperiod, the reversal was not quite statistically significant although inspection of Fig. 1 reveals that animals treated with short photoperiod + melatonin pellets (Group 8) had testicular weights more like those of Group 2 (testosterone-treated, long photoperiod-exposed animals) and Group 5 (melatonin-injected, testo¬ sterone pellet + melatonin pellets) than like those of Group 3 (testosterone-treated animals receiving melatonin injections) and/or Group 6 (short photoperiod exposure).
Previous studies of hamsters show a depression in thyroid hormones that parallels the ongoing gonadal atrophy due to short photoperiod or melatonin injections (Petterborg et ai, 1984; . At the single timepoint measured in the present study, circulating thyroxine concentrations were not affected by the long-term treatment with short photoperiod or melatonin injections. This response is distinctly different from the pattern normally seen in the hamster but appears to be similar to that observed in other rodents (Petterborg et al., 1984) . Rats kept in short photoperiod have a much higher thyroxine/triiodothyronine ratio than do those in the various treatment groups main¬ tained in long photoperiod. Again, this is clearly a different pattern of response from that which is observed after melatonin or short photoperiod exposure in the hamster. Further, the present results indicate that a parallel response in the thyroid axis is not absolutely necessary for gonadal atrophy to occur in the rat.
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